To achieve reliable transmission of detonation wave to a pulse detonation engine (PDE) combustor, authors examined a combination method of "predetonator", "reflector" and "overfilling of the driver gas" experimentally. A detonation wave propagates around our reflector changing its shape through three transition processes; from planer to cylindrical, toroidal, and planar again. Here, successful transmission to self-sustainable expanding cylindrical detonation wave is key issue. The authors used high sensitivity driver gas mixture (stoichiometric H2-O2 mixture) for the center of the cylindrical part to make the cylindrical detonation wave transmit in target gas mixture easily. To generalize the influence of the target gas composition on the necessary overfilling radius of the driver gas mixture, we employ stoichiometric H2-O2 mixture diluted by nitrogen or argon as target gas mixture. In this study, we showed that the ration of width of the cylindrical path on cell size of propagation limits of both dilution cases are about 1 when the driver gas is supplied enough to create a stable cylindrical detonation wave over 50 mm. Accordingly, when the cell size of the target gas mixture becomes over comparable size to the width of the cylindrical path, the stable expanding cylindrical detonation wave does not sustain.
Introduction
A pulse detonation engine (PDE) in which propellant burns in intermittent detonation waves has attracted attention because of its simplicity and theoretically high thermal efficiency [1] [2] [3] [4] . A major issue that needs to be resolved for practical use of the PDE is "detonation initiation." When a PDE operates in air-breathing mode, the combustible gas is likely to be a fuel-air mixture, and its detonation sensitivity of the combustible mixture is lower than that of fuel-oxygen mixtures 5) . Another case where sensitivity may be low is when the fuel is in the liquid phase. The energy required for detonation initiation of low-sensitivity propellants such as the fuel-air mixture and liquid phase mixture mentioned above is too much to directly initiate a detonation wave using commonly employed energy sources 5) . To initiate a detonation wave using a typical energy source, many researchers employ a deflagration-to-detonation-transition (DDT) process. Generally, the larger bore combustor or the lower detonability mixture tend to need longer DDT distance, resulting in a decrease in operating frequency and thermal efficiency. Therefore, it is necessary to develop the detonation initiation method for the high thrust large bore combustor that can be used with a real space plane.
Another possible method of detonation initiation is a "predetonator", as shown in Fig. 1-(a) . A detonation wave readily commences in a small diameter tube (predetonator) filled with a sensitive mixture (driver gas). In the next stage, the detonation wave transmits into a larger-diameter detonation chamber containing a low-sensitivity mixture of propellants (target gas) 4) . Detonation transition through an abrupt area change, such as from the predetonator to the main chamber, is foremost interest in the field of fundamental detonation study, and there have been many investigations concerning this issue [6] [7] [8] [9] . Many researches have shown that the tube diameter d must be at least 13 times the cell size  for a successful detonation transition [10] [11] [12] . Although many subsequent experimental studies showed that d c = 13 does not work out, which has been well reviewed in Ref. 13 , this relational expression is effective in our experimental setup. Many methods to increase the detonation transmission efficiency at the abrupt change of area have been proposed. Typical methods are the use of : 1) shock reflection and Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved.
shock-focusing devices [14] [15] [16] , 2) a cone-shaped exit having a gradual area change to reduce lateral expansion [17] [18] [19] [20] .
To enhance the transmission efficiency of the predetonator, the authors have proposed a combination method of a "reflector" and "overfilling" of the driver gas, as shown in Fig.1 21, 22) . A detonation wave propagates around the reflector changing its shape through three transition processes: from planer detonation wave A to expanding cylindrical detonation wave B, imploding toroidal detonation wave C, and back to planar detonation wave D again, as shown in Fig.  2 . The authors revealed that the first transition process from the incident planar detonation wave A to an expanding cylindrical detonation wave B is a sufficient condition for successful detonation wave propagation in the detonation chamber 21) . In our initiation method, the cylindrical detonation wave B is a crucial part of wave front expansion.
When the diameter of the detonation chamber is 100 mm, the target gas (stoichiometric H 2 -Air mixture) upstream of the reflector must be completely replaced by the driver gas mixture to make the first transition process successful by using the "overfilling" of the driver gas (stoichiometric H2-O2 mixture), as shown in Fig.1-( 22) . In other words, the expanding cylindrical detonation wave fails if the driver gas is not filled up to a full radius for the small 100-mm-diam -combustor.
The expanding cylindrical detonation wave B near the center is difficult to propagate because the curvature of the wave front is large when the radius is small. On the other hand, the curvature becomes smaller with increasing the radius of the front. In other words, once self-propagating cylindrical detonation wave is established, it doesn't quench during expansion. Therefore, we offer a hypothesis that, to transmit a detonation wave successfully to a large diameter detonation combustor as shown in Fig.1 -(c), the driver gas only has to fill up the radius R where a self-propagating cylindrical detonation wave is established. The authors investigated the necessary filling diameter R of the driver gas (stoichiometric H 2 -O 2 mixture) to detonate the target gas (stoichiometric H 2 -Air) cylindrical detonation by using a large 500-mm -diam-cylindrical-combustor 23) . In this study, we confirmed that the necessary overfilling distance R of the driver gas mixture is more than 100 mm which is the necessary distance to generate the stable expanding cylindrical detonation wave.
In this study, we employ stoichiometric H 2 -O 2 mixtures diluted by nitrogen or argon as target gas mixture and generalize the influence of the target gas composition on the necessary overfilling distance R by using detonation cell size. Pa_3 long with an internal diameter of 10.7 mm was vertically connected with the upper flange of the chamber, so that the planar detonation wave in the predetonator would be diffracted by 90° at the exit and change to the cylindrical wave. This length of the predetonator is sufficiently long compared with the DDT length of stoichiometric hydrogen-oxygen mixture (driver gas mixture) for this tube diameter. This apparatus has seven ports for pressure sensors (PCB 113A26 or 113B26, Piezotronics Co., Ltd.). The velocity was measured at P1-P2 and M4-M5. Detonation cell structure was collected by a soot foil at surfaces of lower flange and upper flange of the cylindrical detonation chamber.
Experimental Details
To overfill the driver gas in the cylindrical detonation chamber, an additional volume tube 730 mm long with an internal diameter of 20.4 mm was connected with the predetonator and the predetonator was divided by a ball valve oriented at 229 mm upstream from the exit, as Fig. 3 shows. Figure 5 shows the overfilling procedure. Initially, the valve is closed and the driver gas mixture and the target gas mixture fill the upstream and downstream areas of the valve, respectively ( Fig. 5-(A) ). A gas-handling machine prepares and completely mixes these mixtures. The pressure of the driver gas p 1 is higher than that of the target gas p 2 . When the valve opens ( Fig. 5-(B) ), the driver gas overfills to the position R where the balance pressure p 3 is established. Common to all experiments, the balance pressure (initial pressure) was 1 atm. The driver gas and the target gas are stoichiometric H 2 -O 2 mixture and stoichiometric H 2 -O 2 mixtures diluted by nitrogen or argon, respectively.
Our previous research 21) revealed that the successful transition from the incident planar detonation wave ( Fig. 2-A) to an expanding cylindrical detonation wave ( Fig. 2-B ) occurs when the predetonator diameter d is larger than 6.3 and the separation of the cylindrical chamber w, or the spacer thickness, equals about 0.9d. The cell size  of a stoichiometric H 2 -O 2 driver mixture is about 1.2 to 1.3 mm at 1 atm. Therefore, we chose the predetonator diameter d and the clearance between the flanges of the detonation chamber w to be 10.7 mm and 10 mm. By using this arrangement, the amount of the driver gas in the predetonator and the overfilling region can be minimized.
Results and Discussion

Stable expanding cylindrical detonation wave in
driver gas mixture Filling the driver gas mixture (stoichiometric H 2 -O 2 mixture) into the entire test section, we identified the radius in which a stable expanding cylindrical detonation wave is formed. The experimental procedure is as the same as the overfilling procedure described in Fig. 5 . Figure 6 shows a soot track record at the surface of the upper flange of the cylindrical detonation chamber. The predetonator exit is located at the origin of coordinates. A white ring pattern is observed at the position from 10 mm to 15 mm in radius. The fine cell pattern of detonation can be observed on the outside of this ring. This region is considered to be a starting position of the cylindrical detonation wave in the upper flange surface. On the other hand, Figure 7 shows a soot track record at the surface of the lower flange of the cylindrical detonation chamber. Although the cell pattern was not observed in the white area near the center, a very fine cell pattern becoming large gradually was observed from the perimeter of the white area. However, enlargement of cell size stops near 40 mm in radius, and the cell pattern of a fixed size are observed over 40 mm. Figure 8 shows change of the average cell size for every radius on the surface of the upper and lower flanges. The broken line shows the cell size of a stable detonation wave in a stoichiometric H 2 -O 2 mixture at 1 atm (1.2 mm). Here, when the position of which upper-and-lower cell size corresponded with the cell size of this stable detonation wave is made into the position in which the stable cylindrical detonation wave was formed, that position is about from 40 mm to 45 mm in radius.
Sugiyama 24) calculated the stable detonation limit in a two-dimensional curved channel using the steady solution with shock front curvature. He shows that as shock radius is smaller than R/ = 27.2, the solution of quasi-steady detonation disappears. He said that this indicate that CJ detonation with shock front whose radius is smaller than R/ = 27.2 cannot maintain its propagation. So, the cell size of the driver gas mixture in our study is about 1.2 mm, therefore the quasi-steady cylindrical detonation wave which overcomes its curvature effect is not formed for R > 40 mm. We think that the formation of the quasi-steady cylindrical detonation wave in the center region plays an important role in propagation of the detonation wave to target gas mixture.
Detonation transition to a stoichiometric H 2 -Air driver mixture
We examined the detonation transitions from the stoichiometric H 2 -O 2 driver gas mixture to the stoichiometric H 2 -Air target gas mixture by changing the overfilling radius R. Figure 9 shows soot track record with overfilling R of 50 mm at 1 atm. The pink broken line shows the boundary between the driver mixture and target mixture. The pressure history shows that the combustion wave velocity between M4 and M5 was 1.00 km/s. This velocity was 49% of the CJ velocity of driver gas mixture (1.97 km/s). This result represents detonation transition failure to the target gas mixture. In the soot track in Fig. 9 , the radial detonation wave, which has very fine cellular structure, was observed at the central region. The cellular structure collapses in radius of around 30 mm. From these results, it is believed that the detonation wave, the velocity of which was CJ speed of driver gas mixture, propagated to the position of 30 mm in the radius, and after that it attenuated to the deflagration wave. This result shows that the detonation transition was failure even if the driver gas mixture fills to the radius in which the stable cylindrical detonation wave was formed as shown in section 3.1. Figure 9 Pa_5 shows soot track record with overfilling R of 100 mm at 1 atm. The pressure history shows that the combustion wave velocity between M4 and M5 was 1.90 km/s. This velocity was 96% of the CJ velocity of driver gas mixture (1.97 km/s). This result represents detonation transition successful to the target gas mixture. The detonation cellular structure was observed beyond the pink boundary line and the size is close to the cell size in target gas composition, about 10 mm. The same success was observed even R = 75 mm. However, there are also failure results in these conditions and it can be said that these conditions are marginal conditions.
In order to investigate the mixing effect of the driver gas mixture and the target gas mixture around the boundary, numerical analysis of mixing was conducted by using ANSYS FLUENT 13. Figure 11 shows a schematic diagram of computational domain which is axial symmetry. This domain is reproducing the predetonator of 319 mm of the lower stream from P2 port and the cylindrical chamber. The stoichiometric H2-Air target gas mixture is filled with the initial state in all the domains. The predetonator upmost upstream is set as entrance boundary. The mass flux history of the stoichiometric H 2 -O 2 driver gas mixture was given as inflow conditions from the flux history acquired with the hot wire anemometer in P2 port. Figure 12 shows nitrogen concentration distributions of 2 seconds after valve opening along line A in Fig. 11 . The line of red, green, and blue shows R of 50 mm, 100 mm, and 150 mm, respectively. In every cases, nitrogen concentration gradient exists at the boundary and the thickness of which is about 70 -80 mm. We assumed that we must fulfill the pure driver gas mixture to the radius in which a stable expanding cylindrical detonation wave is formed (40-50 mm) for successful detonation transition to the target gas mixture. From this numerical result, we concluded that, we must overfill the driver gas over 100 mm to fulfill the pure driver gas mixture to the radius in which a stable expanding cylindrical detonation wave is formed. 
Influence of detonation cell size on detonation transition
To generalize the influence of the target gas composition on the necessary overfilling distance R, we employ stoichiometric H 2 -O 2 mixture diluted by nitrogen or argon as target gas mixture. Figure 13 and figure 14 shows the kinds of transitions for stoichiometric H 2 -O 2 mixtures diluted with nitrogen and argon: Circles and triangles represent Go and Nogo, respectively, and the longitudinal and horizontal axes are concentration of the dilute gas and overfilling radius of the driver gas mixture, respectively. Comparing with the overfilling radius R = 25 mm, clear rise of the propagation limit was observed on both conditions over 50 mm. However, the propagation limits become constant when the overfilling radius is over 75 mm. The kinds of transitions for the various target gas mixture shown in Fig. 13 and Fig.14 were reevaluated by the w⁄ ratio, and the results are shown in Fig.   15 , where w and  are width of the cylindrical path (10 mm) and cell size of the cylindrical detonation wave in the target gas mixture, respectively. The change to the diluent gas concentration of cell size  is shown in Fig. 16 and Fig. 17 .
These profiles are acquired in the experiment using a straight detonation tube. The result in Fig. 15 showed that the values of w/ of propagation limits of both dilution cases are about 1 when the driver gas is supplied enough to create a stable cylindrical detonation wave over R = 50 mm. Accordingly, when the cell size of the target gas mixture becomes over comparable size to the width of the cylindrical path, the stable expanding cylindrical detonation wave does not sustain.
Conclusion
We investigated the necessary overfilling radius R of the driver gas mixture (stoichiometric H 2 -O 2 mixture) to detonate the target gas mixture in a 500-mm-diam-cylindricalcombustor.
Filling the driver gas mixture into the entire test section, we identified that the radius in which a stable expanding cylindrical detonation wave is formed is about from 40 mm to 45 mm. However, when the driver gas mixture overfilled to the target gas of stoichiometric H 2 -Air mixture, the detonation transition was failed with the overfilling radius R = 50 mm because the driver and the target mixtures mix. To fulfill the pure driver gas mixture to the radius in which a stable expanding cylindrical detonation wave is formed (40-50 mm), we must overfill the driver gas over 100 mm.
To generalize the influence of the target gas composition on the necessary overfilling distance R, we employ stoichiometric H 2 -O 2 mixture diluted by nitrogen or argon as target gas mixture. This result showed that the values of w/ of propagation limits of both dilution cases are about 1 when the driver gas is supplied enough to create a stable cylindrical detonation wave over R = 50 mm. Accordingly, when the cell size of the target gas mixture becomes over comparable size to the width of the cylindrical path, the stable expanding cylindrical detonation wave does not sustain.
